We present the results of transverse field (TF) muon-spin rotation (µ + SR) measurements on Cu2OSeO3, which has a skyrmion lattice phase. We are able to identify that phase via its characteristic TF µ + SR signal and distinguish it from the other magnetic phases of the material. Dipole field simulations support our interpretation and reveal TF µ + SR, which shows the skyrmion lattice to be static on the muon timescale, to be a promising tool for the investigation of skyrmion materials and the determination of their phase diagrams.
The understanding of matter and its excitations in terms of topology has a long history which is now allowing us an insight into the properties of quantum materials and the opportunity for their manipulation. Topological physics includes the study of kinks, vortices and monopoles in quantum field theory, which forms the basis of a successful branch of condensed matter physics [1] . Arguably, the topological object of most current interest is the skyrmion, which has been shown to exist in a range of magnetic materials [2] . The simplest example of a skyrmion may be derived from a sphere studded with arrows pointing radially. A skyrmion is formed if we project the arrows onto a plane while keeping their orientations fixed. This twisting pattern turns out to be a stable knot; it cannot be untied as long as the fields remain smooth and finite. While skyrmions exist in different forms in a variety of physical systems, the clearest evidence for the existence of skyrmion is in the spin texture of magnetic systems and in recent years a number of spectacular advances have demonstrated the existence, not only of magnetic skyrmions, but also their ordering into a skyrmion lattice (SL) [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . There is considerable similarity between the SL, which has recently shown to be present in a range of non-centrosymmetric, helimagnetic systems, and another topological phase: the vortex lattice (VL) found in type II superconductors in applied magnetic field. Like the SL, the superconducting VL leads to a textured, periodic distribution of magnetic field within the body of the material, which is large on the scale of the crystallographic unit cell. In practice, the same experimental techniques that have been successfully applied to probing VL physics, such as small angle neutron scattering [13] and, in particular, muon-spin rotation (µ + SR) [14, 15] , could potentially be applied to probe the physics of the SL and this hypothesis forms the basis of the work reported here. In this paper we demonstrate that transverse field (TF) µ + SR measurements are sensitive to the skyrmion phase in the multiferroic skyrmion material Cu 2 OSeO 3 .
Our use of TF µ + SR to probe the SL in Cu 2 OSeO 3 is analogous to its use in probing the VL in a type II superconductor, where the technique provides a powerful means of measuring the internal magnetic field distribution caused by the presence of the magnetic field texture [14, 15] . In a TF µ + SR experiment, spin polarized muons are implanted in the bulk of a material, in the presence of a magnetic field B a , which is applied perpendicular to the initial muon spin direction. Muons stop at random positions on the length scale of the field texture where they precess about the total local magnetic field B at the muon site (mainly due to the field texture), with frequency ω = γ µ B, where γ µ = 2π × 135.5 MHz T −1 . The observed property of the experiment is the time evolution of the muon spin polarization P x (t), which allows the determination of the distribution p(B) of local magnetic fields across the sample volume via P x (t) = ∞ 0 dB p(B) cos(γ µ Bt + φ) where the phase φ results from the detector geometry. For our measurements powder samples of Cu 2 OSeO 3 were synthesized as described previously [16] and characterized with laboratory x-rays and magnetic susceptibility measurements. TF µ + SR measurements were made using the MuSR spectrometer at the ISIS facility and the GPS spectrometer at the Swiss Muon Source (SµS). For measurements at ISIS the sample was mounted on a hematite plate in order that muons that are implanted in the hematite would be rapidly depolarized and therefore removed from the spectrum. For measurements at GPS the so-called flypast geometry was employed, where the sample is suspended on a fork, which prevents those muons that do not implant in the sample from contributing to the signal. All data analysis was carried out using the WiMDA program [17] . The region of the Cu 2 OSeO 3 phase diagram of interest in this study is shown in Fig. 1(i) . [We note that this is the phase diagram from Ref [7] which differs slightly from that derived from other studies (e.g. Ref [12] ). The phase diagram boundaries estimated from our study are shown in Fig. 3 .] In this material, spins are located on the Cu 2+ ions, which are arranged in four tetrahedra within the unit cell. Ferrimagnetic ordering of these spins is favoured, with one Cu ion (Cu1) oriented in the opposite direction to that of the others (Cu2) [18, 19] . This ordered configuration persists when we build more complicated spin configurations described below [20] . In systems such as Cu 2 OSeO 3 which lack inversion symmetry, chiral interactions are capable of stabilising helically ordered configurations of spins [21] . An applied external field can further stabilise a superposition of three helical configurations in the plane perpendicular to the field (the configuration is translationally invariant in the remaining direction). The skyrmion spin textures are formed from a triangular arrangement of the wave vectors of these helixes [22] . From the Cu 2 OSeO 3 phase diagram, we see that below a lower critical field a phase described as the multi-q helimagnetic (or simply the helimagnetic phase) exists. In bulk single-crystal samples, this consists of multiple domains of helimagnetic stripes whose q vectors are aligned along the three 001 directions [8, 11] . Above this lower critical field but below a second, larger critical field (above which there is a transition to a ferrimagnetic phase), the q vector is aligned parallel to the direction of the field, forming a single-q helimagnetic phase (also called the conical phase) where there are no multiple domains [7, 8, 11] . In Cu 2 OSeO 3 the A-phase or skyrmion lattice phase (often denoted SkX) is centered around B a = 30 mT at T = 57 K, close to the temperature and field where this phase undergoes a transition to a paramagnetic state [7, 8, 11] , The SkX phase consists of a phase-locked superposition of three helimagnetic textures with q vectors perpendicular to the direction of the field, such that a regular lattice of skyrmions is formed. It has further been shown in a bulk single crystal system that this phase may be further subdivided into two regions, with the lattice in the second being rotated by thirty degrees with respect to the lattice in the first [8] .
The range of applied magnetic fields over which the SkX phase occurs in Cu 2 OSeO 3 makes it well matched to the ISIS and the SµS muon source time windows.
Example TF µ + SR time-domain spectra measured at SµS are shown in Fig. 2 , where the increase in damping upon entering a magnetically ordered phase (in this case the skyrmion phase) is evident. For our purposes, it is more instructive to consider the frequency domain spec- tra, as shown in Fig. 1 . These were obtained via a fast Fourier transform of the time-domain spectra, using a Lorentzian filter with time constant 0.8 µs. (In these spectra the spectral density is proportional to p(B).) We see that the skyrmion phase is identifiable from its highly asymmetric distribution, which rises rapidly on the low field side leading to sharp peak, and then decays, first rapidly and then more slowly with increasing field. This is distinguished from the other magnetically ordered phases, which are asymmetric, but show broad maxima, with spectral weight distributed over a larger range of fields. The paramagnetic regime is also distinct: here the peaked signal is narrow and symmetric. We note that similar spectra were measured at the ISIS facility [16] , however, the use of the hematite backing plate for these measurements causes a background signal from some of those muons that stop in the sample holder, which complicates the analysis of the spectra. Fig. 3(a) shows a contour plot of the standard deviation of the distribution B rms = (B − B ) 2 . We see that the skyrmion phase may be distinguished as an island centred around 58 K and 30 mT where B rms is enhanced. We note that our estimate of the phase boundary on the basis of this plot is correct in B but shifted by ∆T = −0.4 K compared to that of Ref. 7 . However, our muon measurements on other batches of powder sample showed some variability and we therefore attribute the difference in the identification of the phase boundaries to sample variability. Also shown [ Fig. 3(b) ] is β, the skewness of the distribution, defined via β = dB p(B) (B− B ) Brms
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. The skewness increases with decreasing temperature, but is less sensitive to the SL phase boundaries. One conclusion we can draw is that TF µ + SR is sensitive to the SkX phase through the muon line shape. We note that, in contrast to muon spectroscopy, neutron measurements of the SL are insensitive to fluctuations on timescales much slower than /∆E ≈ 10 −11 s (where ∆E ≈ 1 meV is the energy scale of the resolution of the measurement) and so fluctuations on timescales longer than this appeared static. Neutrons therefore take a "snap-shot" of the behaviour compared to µ + SR measurements whose characteristic time scale is set by the gyromagnetic ratio of the muon (γ µ = 2π × 135.5 MHz T −1 ). The sensitivity of the muon to the SL implies that the signal is not significantly motionally narrowed and so we estimate that the SL itself is likely to be static on timescales τ ≫ (1/γ µ B rms ) ≈ 30 ns.
In order to understand our results we have simulated the expected distribution p(B) for the spin configurations expected in this material. Skyrmion spin configurations were generated using [3, 9] m(r) = 1 3
where q i are the skyrmion lattice modulation vectors, taken to be perpendicular to the applied field B a ( ê z ), andê i are the unit vectors of the skyrmion lattice (also perpendicular to B a ). We generate a skyrmion lattice magnetization texture in the [110] plane by taking
, where F = 2π/L sk and L sk is the skyrmion wavelength. For our simulations we used a value of L sk = 70 unit cells, similar to that suggested in Ref. [8] . This method results in a ferromagnetic (FM) ordering of the spins within a crystalline unit cell. By reversing the spin on the Cu1 sites, we generate ferrimagnetic (FiM) configurations, which results in textures that match the observed magnetic structures of the system [18] , In addition to the SL, we have generated spin textures for the helical phases. Single-q helical configurations were calculated for B a parallel to the [001] direction using [9] :
where q z = 2π/L sk . Reversing the Cu1 spin direction again generates the FiM configurations. The exact spin configuration of the more complicated multi-q phase is not confirmed and so we have investigated a trial structure. We chose to model this phase by calculating the field distributions for FiM configurations reflecting six possible domains, each with equal population. Each domain has q either parallel or antiparallel [ê i cos(q · r) +ê j sin(q · r)] whereê i and e j are unit vectors in the plane perpendicular to q and q = ±ê q |q| for the parallel and anti-parallel cases respectively. Hereê q is the unit vector in the direction of q and |q| = 2π/L sk . We average over the distributions for the six resulting textures in order to obtain our overall distribution.
We assume muons couple to the dipolar magnetic fields of the Cu 2+ spins in the material. The dipole magnetic field component B i at a position r are given by [14, 19] :
where i and j run over all three cartesian directions, n labels a Cu ion at position r n , C = 0.35 scales the magnetic moment to match the observed Cu ions in these systems [18] and R n = r − r n . A previous zero field µ + SR study of this material [19] The results of these simulations are compared with the observed spectra in Fig. 4 . We see that the simulations capture the line shape in the skyrmion regime quite well and are distinguishable from the predicted line shapes in the other magnetic phases. Although the agreement for the single-q helical phase is good, a discrepancy is evident in the multi-q helical phase as might be expected. (It is possible in this case that an alternative trial structure would produce results that match the measured spectra more closely.) We also note that our results are consistent with magnetic moments being localized on the Cu 2+ ions, as was found from x-ray measurements [10] .
The simulations may also be used to test whether the muon line-shape has a sensitivity to the length scale L sk that characterizes the SL. Plots of the width B rms and skewness β are shown in Fig. 4 , where we see that there is little variation with L sk . It would therefore be difficult for this system to determine the L sk in the absence of other detailed information about the phase, such as the magnetic structure, muon sites and moment sizes. However, it is possible that the µ + SR technique could be used to determine this parameter in favourable cases.
In conclusion, we have shown that TF µ + SR is sensitive to the skyrmion lattice via measurements similar to those carried out on the vortex lattice in type II superconductors. We are also aware of independent work currently being prepared for publication [23] that demonstrates that measurements on dynamics in longitudinal field µ + SR measurements [24] are also sensitive to the skyrmion phase. Taken together, these results suggest that µ + SR could be a promising method for identifying skyrmionic materials, characterizing the behaviour of the skyrmion lattice and deriving their phase diagrams. This work was carried out at the STFC ISIS Facility, Rutherford Appleton Laboratory, UK and SµS, Paul Scherrer Institut, Switzerland and we are grateful for the provision of beam time. We thank the EPSRC (UK) for financial support; Y.J. Uemura for useful discussions and Peter Baker (ISIS) and Alex Amato (SµS) for experimental assistance. This work made use of the facilities of N8 HPC provided and funded by the N8 consortium and EPSRC (Grant No. EP/K000225/1). The Centre is coordinated by the Universities of Leeds and Manchester.
